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1.  Objectives  of  Research  EfTort 

The  main  research  objective  is  to  investigate  the  microscopic  origins  of  ^ear  band  instabil¬ 
ity  in  poiticulate  media.  Our  methoddogy  combines  computational  micr<»ttechanicsv  labo¬ 
ratory  experiments,  and  continuum  medianics.  The  particular  research  objectives  are  (1)  to 
improve  the  existing  methods  of  wmpuiational  micRxnechanics,  (2)  to  examine  the  forma¬ 
tion  of  shear  bands,  (3)  to  investigate  tire  effects  of  grain  rotation  on  shear  slren^  and 
shear  bands,  (4)  to  study  tic|ttefaction  instability,  and  (5)  to  explore  tire  micro-macro  me¬ 
chanics  tranatiem  rekvant  to  material  instabili^v. 

2.  Status  of  Research  Effort 

The  third  ^d  final  year  of  the  research  project  was  dedicated  to  tiic  dcveloi^nent  of  e^^ri- 
mental  facilities  and  methtnls  in  order  u>  supp(>r!,  the  previoudy  obtained  an^ylical  ancf  nu¬ 
merical  findings  on  strain  localization  in  idealized  gr^ular  m^a.  The  research  activity  in¬ 
cluded  (1)  die  instruction  of  the  ^perimental  setup  for  loading  specimens  of  ideaiiz^ 
g^ular  media  in  tiie  laboratory,  and  (2)  the  steieophotogrammetiic  measuranra.t  of  the 
di.splacemeni  and  rotation  of  particles.  MtJsl  of  this  research  w'as  conducted  at  the  Univer¬ 
sity’  of  Southern  California,  witii  the  exception  of  the  siereopbotogrammetric  measurements 
which  were  carried  out  at  the  Joseph  Fourier  University,  in  Grenoble,  France.  Stoeop^o- 
togrammetry  was  found  to  yield  an  accurate  measur»nent  of  the  motion  of  a  large  numb^ 
of  particles  of  idealized  granular  media.  The  stereo-technique  was  capable  of  determining 
not  only  fee  displacement  and  rotation  of  particles,  but  also  tiieir  relative  penetration.  This 
optical  technique  was  found  to  be  mwe  acaaate  tiian  the  present  ccanputer  vision  m«hods 
based  on  cross-correlation  techniques.  These  accurate  expeimental  results,  w’hich  are  still 
being  processed,  are  to  be  used  to  re-examine  die  findings  about  the  effects  of  higher-order 
continua  on  die  re^nse  of  granular  media,  and  are  therefore  instrumental  to  understand 
die  instability  phenomena  in  granular  media. 

3.  Accomplishment  and  New  findings 
a.  Accomplishment 

Computer  Emulations  of  idealized  granular  media  have  been  e.xtensiveiy  used  to  investigate 
the  mechanical  behavior  of  real  gianulai-  media  (e.  g.,  Bardet  and  Proutet  1992:  and 
Baidet,  1994).  However,  most  computer  simulations  have  physical  and  numeric  limita- 
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tions,  which  raise  legitimate  concerns  about  the  '•aiiJity  of  their  conclusions  (e.  g.,  Bardet 
and  Proubet  1991).  The  present  research  relies  on  an  experimentel  technique,  naxndy 
steieophoto^-ammctiy  (Desrues.  1984).  toraeasuie  tlie  motion  of  a  laige  number  of  paiti- 
cle?  subjected  to  axial  compression  in  die  laboratory’.  Stereophotogrammetiy  is  used  to 
track  the  motion  of  about  one  thousand  prides  whose  similar  shapes  make  diem  difTicuIt 
to  distinguish  using  ordinary  visual  techniques.  Figure  1  shov%  s  ihc  e.xperiment^  setup  and 
a  sample  of  idealized  gianulai’  mateiial  axially  loaded  in  die  laboratory,  and  Fig.  2  shows 
the  corresponding  stress-strain  response. 

As  shown  in  Fig.  3.  stereopb-otogrammetry  represents  the  motion  of  particles  as  a  dircc- 
dimensional  false  relief.  Particle  rotations  appear  as  slanted  disks,  and  discontinuous  dis¬ 
placements  as  cliffs.  Ousters  of  panicles  translating  uniformiy  appear  as  flat  plateaus,  and 
rotating  clusters  as  slanted  plateaus. 

Stereophotogran.metry  ’.vas  found  to  measure  accurately  die  motion  of  a  large  number  of 
panicles  of  ideuli/cd  granular  media.  It  determines  mn  <5nly  the  displacement  and  rotation  of 
particles,  b’ut  also  their  relative  penetration.  Figure  4  shows  the  displacement  and  rotation 
of  particles  bemeen  Steps  B3  and  B4  in  Fig.  2.  The  displacement  vectors  and  rotahons 
clearly  exhibit  strain  localization,  and  confinn  the  concentration  of  particle  rotation  within 
shear  bands. 

Ba«d  on  these  accurate  experimental  results,  one  can  re-examme  the  conclusions  previ¬ 
ous  invesugations  which  were  largely  based  on  computer  simulations  (Bardet  and  I^ubct 
1992:  and  Bai'det.  1994),  including  me  stiuctures  of  pci’sistent  shear’  bands,  the  volumetric 
response  inside  and  outside  shear  bands,  die  concentration  of  particle  rotation  wi&  l<^- 
ized  defonr.atioa.  the  distrib’uticm  of  contact  orientation,  and  rolling  and  sliding  cemtacts. 
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(a)  (b) 

Figure  4.  Xfodoa  of  IGOO  pa^des  btfween  steps  B3  and  B4  of  Fig.  2  as  deteimined  firm 
stereophotogrammetry:  (a)  di^bcement  and  (b)  rotadon  of  particles. 
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c.  Relevance  to  Air  Force's  mission 

This  experimental  investigation  is  relevant  to  the  Air  Force’s  mission.  It  is  useful  to  under¬ 
stand  the  behavior  of  granular  materials  in  airfield  pavemenL  The  application  of  .slereophiv 
logrammetry  for  displacement  measurement  is  not  only  useful  to  track  the  displacement  of 
m^iial  particles  in  die  laboratory,  but  is  also  applicable  to  measure  the  ddc»maticai  and 
damage  to  larger  f«alities  (e.g.,  airfields)  after  being  subjected  to  cxplosioas.  From  tiie 
piunl  of  view  of  resoluliw  and  accuracy,  the  c^tical  technique  used  in  this  investigation  is 
still  ten  times  higher  than  that  easting  computer  vision  systeins  based  on  cross- 
correlation  techniques.  However,  in  view  ^  the  rapid  and  recent  progress  in  hi^  resolu¬ 
tion  digital  cameras,  there  is  great  potential  in  combining  the  advantages  of  stereophoto- 
grammetry  and  computer  vision. 
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